Microstructure and gas-sensing properties of thick film sensor using nanophase SnO 2 powder by Jae-Pyoung Ahn et al.
Sensors and Actuators B 99 (2004) 18–24
Microstructure and gas-sensing properties of thick film sensor
using nanophase SnO2 powder
Jae-Pyoung Ahna,∗, Jung-Han Kimb, Jong-Ku Parka, Moo-Young Huhc
a Nano-Materials Research Center, Korea Institute of Science and Technology, P.O. Box 131, Cheongryang, Seoul 130-650, South Korea
b R&D Department, Seojin Optonics Co. Ltd, Chonan-City, Chung Nam 330-845, South Korea
c Division of Materials Science and Engineering, Korea University, Seoul 135-701, South Korea
Received 25 November 2002; received in revised form 2 June 2003; accepted 25 June 2003
Abstract
The object of the present work apply the nanophase SnO2 powder synthesized by inert gas condensation method (IGC) to thick film
hydrogen sensor and to study the effect of microstructural changes of sensors on the sensing properties. SnO2 gas sensors were printed
using nanophase SnO2 powder without any doping element by a silk screen printing method and subsequently sintered. Among the thick
film sensors manufactured at various temperatures, the highest sensitivity was obtained in the sensor sintered at 600◦C, which exhibited
its maximum sensitivity of 96% at 250◦C against the hydrogen concentration of 2500 ppm. The results were discussed in viewpoint of the
pore structure and the crystallinity of the sensors.
© 2003 Published by Elsevier B.V.
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1. Introduction
Since gas-sensing characteristic of SnO2 material was
proposed by Seiyama et al.[1], various types of sensors
have been developed. Currently, SnO2 sensors are being
used most popularly as gas detectors because of their high
sensitivity at relatively low operating temperatures. The gas
sensor is generally fabricated in the form of thin film or
thick porous film in order to take an advantage of a high
surface-to-volume ratio that is a crucial factor for high per-
formance sensors. Recently, nanophase powders synthesized
by various methods[2–4] have been applied for fabrication
of thick film sensor.
Generally, it is known that use of nanopowder in thick film
process increases the sensitivity against sensing gas. Her-
rmann et al.[5] reported that a thick film sensor fabricated
with the nanophase SnO2 powder by the IGC method exhib-
ited a quick response (short response time) against oxygen
gas. Yamazeo and Miura[6] studied the effect of grain size
on the sensitivity of SnO2 gas sensors and concluded that
the sensitivity to both CO and H2 increased significantly as
grain size was reduced. Li and Kawi[7] synthesized SnO2
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powder with high surface area using a surfactant templat-
ing method and found that the sensitivity to H2 increased
linearly with the surface area of SnO2.
The sensing property of gas sensor is known to de-
pend on the various factors such as the shape, size, and
surface-to-volume ratio of particles as well as phase stabil-
ity of microstructures in the thick film sensor[8–15]. The
particle surface acts as redox sites and the grain boundaries
circumscribed by neck regions act as a Schottky barrier,
when the thick film sensor is in contact with target gas at
the operation temperature. Therefore, the sensing property
is expected to be improved in the thick film sensors with
porous skeleton structure having small particles and small
neck sizes between the particles. In order to obtain such a
microstructure, the sensor should be fabricated at the low
temperatures if possible. The thick film sensor sintered at
a low temperature generally has strength inferior to those
sintered at a high temperature. However, the high sinter-
ing temperature leads to both particle coarsening and neck
growth between particles, which degrade significantly the
sensor properties. Wirrett et al.[16] studied the effect of
porosity of SnO2 pellet on the sensitivity using mercury
porosimetry and concluded that under fixed operating con-
ditions, the porosity of the pellet strongly influences the
observed gas sensitivity. There have been lots of efforts so
far to increase the sensitivity of thick film sensor composed
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of nanopowder but there was a little effort devoted to find-
ing the relationship of the pore structure of the material and
gas-sensing property.
Manufacturing the thick film sensor using the nanophase
having low crystallinities, we have to consider the crys-
tallinity of the thick film because it acts as a factor con-
trolling intrinsic defects in tin oxide. Higher sintering
temperature can improve the crystallinity of the thick film
but results in low specific surface area due to grain growth.
Applying the nano-sized powders to sensor fabrication,
therefore, the contradictory effect of sintering temperature
on sensor characteristics need to be systematically investi-
gated more because it affects both the microstructure and
the crystallinity of thick film sensor.
The present work aims to observe the microstructural evo-
lution and the pore structure during sintering and subse-
quently to characterize the effect of microstructures on the
sensor property.
2. Experimental procedure
The tin oxide powder was synthesized by inert gas con-
densation (IGC) method, which is recognized as one of most
prominent methods to enable to synthesize nanophase pow-
ders having clean surfaces[2] and can reduce severe ag-
glomerations between the nano-sized particles[8,9].
Metallic tin was evaporated at 1000◦C under 1 Torr he-
lium gas. The metallic tin powder deposited on the cold fin-
ger cooled with liquid nitrogen was first oxidized by oxygen
gas purged into the evaporation chamber. The partially oxi-
dized tin powder was scraped out and subsequently oxidized
to rutile SnO2 phase at 720◦C for 1 h in air.
The area of thick film sensor was 5 mm×5 mm. An elec-
trode and a heater were patterned by Pd paste on a face of
alumina substrate and subsequently, fired at 900◦C in air.
Next, the thick nanophase SnO2 film was printed on the other
face of the same alumina substrate by the screen printing
method using propylene glycol as a binder. The as-coated
thick film was about 60m in thickness. The printed thick
films were sintered in the range of 500–900◦C for 1 h
in air.
The gas-sensing properties of fabricated sensors were
determined varying both hydrogen concentration in the
range of 100–10,000 ppm and temperature from 100 to
400◦C, by fixing the reference resistance (Rr) to 100 k
and the input voltage (Vinput) to 8 V. The electrical resis-








whereRs denotes the electrical resistance of sensor in the
given atmosphere,Rr the reference electrical resistance,Vapp
the applied voltage to the circuit andVout the output voltage.
By considering the electrical resistance of the sensor, its
gas sensitivity,K1, was represented byK1 = 100(Rair −
Rgas)/Rgas. The large value ofK1 means high sensitivity of
the gas sensor.
The morphological changes of raw powder and thick film
sensor were observed by transmission electron microscopy
(TEM) and field-emission scanning electron microscopy
(FE-SEM). The phase transition in each specimen dur-
ing the post-oxidation treatment was examined by X-ray
diffraction method (XRD). The specific surface and the
pore structure of powder and film were calculated from
BET data with assumption of spherical particle shape. The
particle size was measured by a linear intercept method on
the TEM micrograph and also calculated from the specific
surface area obtained by BET method.
3. Results and discussion
The XRD patterns of as-synthesized and heat-treated pow-
ders are shown inFig. 1. In synthesis, the metallic tin va-
por deposited on the surface of cold finger in the helium
atmosphere as nanophase metallic tin particles, and then
the metallic tin particles were oxidized by purged oxygen
gas. As-synthesized powder was composed of metallic tin
and two kinds of tin oxides such as SnO and Sn2O3. The
as-synthesized powder was completely transformed into the
tetragonal SnO2 phase after heat treatment in air at 720◦C
for 1 h. The heat treatment temperature was experimentally
chosen as the lowest temperature at which the complete ox-
idation to SnO2 took place in 1 h. An interesting result is
shown in the oxidized powder, in which an amorphous peak
was observed at the low angle less than 2θ = 15◦. It is well
known in our previous work that this behavior is attributed
to the stress involved in microstructure during phase transi-
tion from Sn to SnO2 [17].






















Fig. 1. XRD patterns of (a) the as-synthesized powder and (b) the oxidized
powder.
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Fig. 2. TEM micrographs of (a) the as-synthesized powder and (b) the
oxidized powder.
The as-synthesized particles were nearly spherical in
shape and had an average diameter of 15 nm, as shown
in Fig. 2(a). After oxidation treatment at 720◦C, the par-
ticles changed from spherical to irregular and coarsened
Fig. 3. SEM micrographs of thick film sensors sintered at (a) 500◦C, (b) 600◦C, (c) 700◦C and (d) 900◦C.
significantly. It is noted that the oxidized powder has ag-
gregates and irregularity in its appearance, compared to the
as-synthesized powder with relatively uniform size and reg-
ular shape.Table 1shows the average particle diameter and
the specific surface area of the powders and the thick film
sensors determined by TEM and BET. The average diameter
of the nanophase powder increased about three times during
oxidation treatment. In the as-synthesized powder, the par-
ticle diameter estimated by BET method is slightly larger
than that measured by TEM. This represents that aggregates
between particles were formed during oxidation treatment.
SEM micrographs inFig. 3 show the effect of sintering
temperature on the microstructure evolution during sinter-
ing. All the microstructures revealed that the thick films are
very porous and not uniform locally. The thick films sintered
at 500, 600 and 700◦C show a similar microstructure in the
size and shape of particle except coarser aggregates partially
observed in the thick film sintered at 700◦C. In those films,
the apparent particle size on the microstructures seems to
be about 45–50 nm, of which the particle size is slightly
coarser than that of as-oxidized powder, but is different to
the particle size of 58–68 nm calculated from the specific
surface area inTable 1. The difference may be attributed to
a fact that the particle size calculated by BET method gives
rise to maximum value because the area aggregated be-
tween particles is not considered. Thus, it can be explained
that the particle size of thick films is changed hardly rather
than that of oxidized powder. This microstructural evolution
seems natural when we recall a fact that the temperature to
oxidize the as-synthesized powder was 720◦C. In the thick
film sintered at 900◦C, on the other hand, the particles grew
to the average size of about 100 nm in diameter and thick
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Fig. 4. XRD spectra of thick film sensors sintered at 500◦C, 600◦C,
700◦C and 900◦C.
necks between particles were considerably formed. This
microstructural change results in dramatically a decrease of
the specific surface area, 8.36 m2/g as shown inTable 1.
Fig. 4 shows the XRD patterns of the films sintered at
500, 600, 700 and 900◦C, respectively. All the films con-
sisted of SnO2 phase of tetragonal structure. With increasing
the sintering temperature, peak intensities in each thick film

























Fig. 5. Pore size distributions measured by BET method in the thick film sensors sintered at 500, 600, 700 and 900◦C.
shown inFig. 1(b)was still shown in the thick film sintered
at 500◦C although the position of a broad peak indicating
amorphous property was shifted to higher angle, and then
was disappeared in the thick film sintered at 600◦C. Those
mean that the crystallinities of the films were improved with
increase of sintering temperature. Here, it is worth noting
that no microstructural change occurred significantly in the
thick films sintered at∼700◦C in Fig. 3. In the sintering
temperature less than 700◦C, increasing the sintering tem-
perature gives rise to the improvement of crystallinity in the
thick films sintered at∼700◦C without a big microstructural
change.
Fig. 5 shows the pore size distribution of the thick films
sintered at 500, 600, 700 and 900◦C, respectively. In all the
films, pore structures had a bimodal distribution containing
two kinds of pore sizes, 10–23, and 80–1000 nm. Generally,
the pore in sintered body is classified into the first and second
pores, which mean spaces between primary particle and be-
tween aggregates neighboring, respectively. With increasing
the sintering temperature to 700◦C, the variation of the pore
size distribution revealed that the first pore gradually shrank
away but the second pore expanded a little in the size and
volume of pore. On the thick film sensor sintered at 900◦C,
however, the first pore was almost eliminated and has a very
wider distribution, while the second pore increased in the
volume and size of pore due to the formation of aggregates
and the growth of particles. Such a pore structural change
is corresponding to Wirrett’s result, which pore volume is
a little changed although the surface area decreases during
sintering SnO2 pellet [16]. Decrease of the first pore in the
thick films with sintering temperatures of∼700◦C affected
hardly the total pore volume, considering a little change of
the specific surface area inTable 1. It just means that the
neck formed between particles grown. Compared the behav-
ior of the pore distribution with the microstructures inFig. 3,
the sintering behavior of the films manufactured in this work
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Table 1
The average diameters and the specific surface areas of the powders as-synthesized and oxidized, and the thick film sensors sintered at various temperatures
evaluated by TEM and BET
Powder Thick film sensor (◦C)
As-synthesized Oxidized 500 600 700 800
TEM (nm) 15.2 45.8
BET (nm) 18.9 (22.6) 55.3 (15.51) 58.3 (14.7) 62.1 (13.81) 67.9 (13.63) 102.6 (8.36)
Values in parentheses mean specific surface area measured by BET method and the unit is m2/g. The temperatures indicate each sintering temperature
of the thick film sensors.
is following a typical sintering character of porous body, in
which small pore is first diminished and then the growth of
large pores occurs with grain growth of particle.
Figs. 6(a) and (b)shows the variation of sensitivities
against hydrogen gas in the thick film sensor, which was
measured with the variation of operating temperature at a
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Fig. 6. Variations of sensitivity with (a) operating temperature and (b) hydrogen concentration in thick film sensors sintered at 500, 600, 700, 800 and
900◦C. The temperatures denote the sintering temperature of the thick film sensor.
constant hydrogen pressure of 2500 ppm (Fig. 6(a) and with
the variation of hydrogen concentration at a constant op-
erating temperature of 250◦C (Fig. 6(b)), respectively. In
order to eliminate a drift effect, these data were obtained
after holding for 30 min at each measurement condition. In
Fig. 6(a), the sensors followed a parabolic relationship with
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Fig. 7. Change in resistance with testing time in the thick film sensors sintered at 600◦C, which was measured at the operating temperature of 250◦C
and the hydrogen concentration of 2500 ppm.
operation temperature and exhibited their maximum sensi-
tivity at a temperature region of 250–300◦C. In Fig. 6(b),
the sensitivities increased with hydrogen concentration and
leveled off at hydrogen concentration of 2500 ppm. It is well
known that power law dependency of sensitivity on the hy-
drogen concentration is of intrinsic nature in the semicon-
ductor sensors[10,18,19]. On the variation of sensitivity
with sintering temperature inFigs. 6(a) and (b), the thick
film sensor sintered at 600◦C had the highest sensitivity,
about 87% sensitivity at 250 ppm and maximum sensitivity
of 96% at 1000 ppm. The thick film sensor sintered at 900◦C
shown minimum sensitivity due to the growth of neck and
particle. On the other hand, the effect which Pd using as the
electrode diffuses in to SnO2 thick film during co-firing at
high temperature was minimized in our results because of
low sintering temperature.
The sensing property depends on the crystallinities and
the microstructural character of thick film sensor such as the
particle morphology, the neck size, and the size and distri-
bution of pores. Sintering temperature played an important
role in both microstructure and crystallinity of the thick film
sensors fabricated with nanophase SnO2 particles. During
sintering up to 600◦C, the thick film sensor was improved
significantly in crystallinity due to phase transition from
amorphic to rutile tin dioxide, while the pore structure and
particle size was hardly changed. The sintering temperature
of 600◦C seems to provide a suitable condition for opti-
mized microstructure in the thick SnO2 sensor. In the thick
film sintered at 700◦C, however, decrease of sensitivity oc-
curred with decrease of the first pore as shown inFig. 5
although the crystallinity was improved rather than that sin-
tered at 600◦C. From the results above, it is proposed an
optimized condition that the decrease of the first pore (neck
growth) should be minimized and the crystallinity need to
be improved more.
The change of resistance with testing time obtained from
the sensor showing maximum sensitivity is presented to
Fig. 7, which was measured at 250◦C in 2500 ppm hydrogen
atmosphere. The data acquisition was carried out by an in-
terval of 1 s. The measured response and recovery time was
3 and 15 s, respectively. As it is considered the monolithic
SnO2 powder, the response and recovery time of nanophase
thick film sensor in the present work is quite short. This
thick film sensor has a high sensitivity to hydrogen gas,
Rair/Rgas= 52.
4. Conclusions
Thick film gas sensors were manufactured using the
nanophase SnO2 powder of about 50 nm synthesized by gas
condensation method. We have investigated effects of the
microstructures and the crystallinities of the thick film on
the sensing properties against hydrogen gas and obtained
some results as follows.
(1) In all the manufactured sensors, the microstructures
were porous and the pore structures followed a bimodal
distribution that the first and second pores coexisted
together. With increasing sintering temperature, the
crystallinities of SnO2 were gradually improved with-
out a significant grain growth except a sample sintered
at 900◦C and particularly, the amorphous remaining to
the sintering temperature of 500◦C disappeared in the
thick film sintered at 600◦C. On the pore structure with
a bimodal distribution, the first pore was diminished
with increasing sintering temperature and subsequently
was almost eliminated in the thick film sensor sintered
at 900◦C, while the volume and size of the second pore
was expanded.
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(2) The highest sensitivity was obtained in the sensor sin-
tered at 600◦C with the sensitivity of 96% against the
hydrogen gas of 2500 ppm at 250◦C. It is attributed to
a fact that the sintering temperature of 600◦C provided
a optimized condition of the microstructure and the
crystallinity in the thick SnO2 sensor. When nanophase
SnO2 is applied to the thick film sensor, however, it is
proposed a condition that the decrease of the first pore
(neck growth) should be minimized and the crystallinity
is improved more. The response and recovery time in the
sensor showing maximum sensitivity was quite short, 3
and 15 s, respectively.
References
[1] T. Seiyama, A. Kato, K. Fujiishi, M. Nagatani, A new detector for
gaseous components using semiconductive thin films, Anal. Chem.
34 (1962) 1502–1503.
[2] H. Gleiter, in: N. Hansen, A. Horsewell, T. Leffers, H. Liholt (Eds.),
Deformation of Polycrystals: Mechanisms and Microstructures, Riso
National Laboratory, Roskilde, 1981, pp. 15–21.
[3] G. Williams, G.S.V. Coles, Gas-sensing potential of nanocrystalline
tin dioxide produced by a laser ablation technique, MRS Bull. 24
(1999) 25–29.
[4] A.R. Tholen, Formation land observation of ultrafine particles, Mater.
Sci. Eng. A168 (1993) 131–135.
[5] J.M. Herrmann, J. Disdier, A. Fernandez, V.M. Jimenez, J.C.
Sanchez-Lopez, Oxygen gas sensing behavior of nanocrystalline tin
oxide prepared by the gas phase condensation method, NanoStruct.
Mater. 6 (1997) 675–686.
[6] N. Yamazoe, N. Miura, Some basic aspects of semiconductor gas
sensors, in: S. Yamauchi (Ed.), Chemical Sensor Technology, vol. 4,
Kodansha, Tokyo, 1992, p. 19.
[7] G.J. Li, S. Kawi, High-surface area SnO2: a novel semiconductor
oxide gas sensor, Mater. Lett. 34 (1998) 99–102.
[8] M.C. Horrillo, A. Serventi, D. Rickerby, J. Gutierrez, Influence of
tin oxide microstructure on the sensitivity to redactor gases, Sens.
Actuators B 58 (1999) 474–477.
[9] A. Jones, T.A. Jones, B. Mann, J.G. Firth, The effect of the physical
form of the oxide on the conductivity changes produced by CH4,
CO and H2O on ZnO, Sens. Actuators 5 (1984) 75–88.
[10] C.N. Xu, J. Tamaki, N. Miura, N. Yamazoe, Grain size effects on
gas sensitivity of porous SnO2-based elements, Sens. Actuators B 3
(1991) 147–155.
[11] J.-P. Ahn, S.H. Kim, J.-K. Park, M.-Y. Huh, Effect of orthorhombic
phase on hydrogen gas sensing property of thick film sensors fab-
ricated by nanophase tin dioxide, Sens. Actuators B 7106 (2003)
1–7.
[12] P.K. Clifford, D.T. Tuma, Characteristics of semiconductor gas sen-
sors. II. Transient response to temperature change, Sens. Actuators
3 (1982/1983) 255–265.
[13] J.F. McAller, P.T. Moseley, J.O.W. Norris, D.E. Williams, B.C.
Tofield, Tin oxide gas sensors. Part 2. The role of surface additives,
J. Chem. Soc. Faraday Trans. 1 84 (1988) 441.
[14] N.M. Beekmans, Effect of oxygen chemisorption and photodesorp-
tion on the conductivity of ZnO powder layers, J. Chem. Soc. Fara-
day Trans. 174 (1978) 31–45.
[15] J.C. Anderson, Thin film transducers and sensors, J. Vac. Sci. Tech-
nol. A 4 (1986) 610–616.
[16] M. Wirrett, V.N. Burganos, C.D. Tsakiroglou, A.C. Payatakes, Gas
sensing and structural properties of variously pretreated nanopowder
tin oxide samples, Sens. Actuators B 53 (1998) 76–90.
[17] M.-Y. Huh, S.H. Kim, J.-P. Ahn, J.-K. Park, B.K. Kim, Oxidation
of nanophase tin particles, NanoStruct. Mater. 11 (1999) 211–220.
[18] M.J.D. Low, Kinetics of chemisorption of gases on solids, Chem.
Rev. 60 (1960) 267–312.
[19] P.K. Clifford, D.T. Tuma, Characteristics of semiconductor gas sen-
sors. I. Steady state gas response, Sens. Actuators 3 (1982–1983)
233–254.
Biographies
Jae-Pyoung Ahn received his BSc degree in 1988 and PhD degree in
1996 in MSE at the Korea University. He is now a senior scientist at
the Nano-Material Research Center of Korea Institute of Science and
Technology from 2000 to the present. His research interests include the
synthesis and application of nano-powders, and crystallographic analysis
using transmission electron microscopy.
Jung-Han Kim received his BSc degree in 1991 and a Ms. in Engineering
in 1997 in MSE at the Korea University. Since 1997, he has been working
as a research scientist at SEOJIN OTONICS CO. His research interest is
in chemical sensing and optical sensing properties.
Jong-Ku Park received a BSc degree from Department of Metallurgical
Engineering at the Kyungbuk National University in 1982 and a PhD from
Department of Materials Science and Engineering at the Korea Advanced
Institute of Science and Technology (KAIST) in 1990. He has worked in
the Division of Materials at the Korea Institute of Science and technology
(KIST) from 1984. Now he is in charge of “Nano-Materials Research
Center” in KIST as a head. His major field is a powder technology,
especially powder compaction and densification. His current interest is in
synthesis of various kinds of nano-powders and their applications.
Moo-Young Huh received a B. Eng in MSE in 1978, a Ms. Eng in 1980 at
the Korea University and a Dr. -Ing in 1986 at the RWTH, Aachen. Since
1988, he has been working as a professor at the Division of MSE of the
Korea University. His main research interest is in textures in materials
science and nanophase materials.
